Tumors exhibit complex patterns of aberrant gene expression. Using a knowledge-independent, noise-reducing gene co-expression network construction software called KINC, we created multiple RNAseq-based gene co-expression networks relevant to brain and glioblastoma biology. In this report, we describe the discovery and validation of a glioblastoma-specific gene module that contains 22 co-expressed genes. The genes are upregulated in glioblastoma relative to normal brain and lower grade glioma samples; they are also hypo-methylated in glioblastoma relative to lower grade glioma tumors. Among the proneural, neural, mesenchymal, and classical glioblastoma subtypes, these genes are most-highly expressed in the mesenchymal subtype. Furthermore, high expression of these genes is associated with decreased survival across each glioblastoma subtype. These genes are of interest to glioblastoma biology and our gene interaction discovery and validation workflow can be used to discover and validate co-expressed gene modules derived from any co-expression network.
INTRODUCTION
Glioblastoma (GBM) tumors, with an adult median survival time of 14.6 months after radiation and temozolomide therapy [1] , are known for their heterogeneity, vascularization, and lethality. Even after resection, remaining tumor cells multiply and invade the surrounding parenchyma. Interestingly, primary GBM has few known risk factors [2] --GBM affects patients across age, cultural, and socioeconomic boundaries. The discovery of relevant biomarker combinations driving GBM tumorgenicity would have therapeutic implications.
There are known monogenic GBM biomarkers that include mutations in the IDH1 [3] and PDGFRα [4] loci. However, any given biomarker does not provide a complete picture of the GBM microenvironment. GBM tumors, as with other tumors, diseases, and complex traits, are controlled by a variety of genetic and epigenetic factors [5] . Thus, a systems approach is needed to fully understand the biology underlying the GBM phenotype.
Fortunately, modern measurement technologies such as next-generation sequencing [6] now provide researchers a broad genomics perspective that is revealing new insights to human disease. These technologies, coupled with genomics and epigenomics databases such as The Cancer Genome Atlas (TCGA) [7] , used in this investigation, encourage new discoveries.
To identify complex gene expression relationships in multiple human tumors, we have built RNAseq-based gene expression matrices (GEMs) from publicly available RNAseq datasets. One GEM contains gene expression profiles for GBM, lower grade glioma (LGG), bladder urothelial carcinoma (BLCA), thyroid carcinoma (THCA), and ovarian serous cystadenocarcinoma (OV) from TCGA [7] and is fully described in another publication [8] . Another GEM built for this study contains different RNAseq expression profiles for GBM [9] , normal brain [10] , and Parkinson's brain [11] obtained from the NCBI SRA archive [12] . Both GEMs were individually preprocessed and transformed into a gene co-expression Research Paper www.impactjournals.com/oncotarget network (GCN) using Knowledge-Independent Network Construction (KINC) software [8] . Complex gene interactions present in the input samples are mineable from these GCNs, and these gene interactions patterns can be compared between GCNs.
The KINC software package ( [8] ; open source code available at http://www.github.com/SystemsGenetics/ KINC) is unique because it deconvolutes mixed-condition expression patterns (e.g. mixed tumor expression profiles in the GEM), allowing significant co-expression relationships to be annotated with sample labels (e.g. GBM vs. non-GBM). There is no need to separate gene expression profiles prior to analysis. Thus, without providing KINC a priori knowledge, tumor-or non-tumorspecific gene expression relationships can be identified and analyzed for biological meaning.
In this report, we apply a generalizable gene interaction discovery and validation workflow, outlined in Supplementary Figure 1 , that allows for the detection of condition-specific gene sets in one GCN that can be validated for specificity and reproducibility in alternate GCNs. We focused this approach on GBM-specific modules to investigate GBM tumor biology. Herein, we describe the discovery and characteristics of a GBMspecific gene module present in two GCNs, and explore the expression patterns and epigenetic state of these genes across the spectrum of GBM subtypes using multiple in silico approaches.
RESULTS AND DISCUSSION

GCN construction
KINC identified significant co-expression relationships among 2016 datasets in the TCGA Network and among 204 datasets in the Brain Network. The TCGA network, obtained from our previous study in Ficklin et al. [8] , included GBM and LGG datasets along with BLCA, OV, and THCA datasets. The Brain Network included GBM and normal brain datasets along with datasets from Brodmann's Area 9 of Parkinson's patients [11] . The TCGA Network (Supplementary Table 1 ) is described in [8] and the Brain Network (Supplementary Table 2 ) was visualized with Cytoscape [41] and shown in Figure 1 . 356 LCMs were detected in the TCGA Network ( [8] ; Supplementary  Table 3 ) and 456 LCMs were found in the Brain Network (Supplementary Table 4 ). Many of these modules were condition-specific; for example, 68 of the Brain Network's 456 modules were enriched for GBM (p < 0.001).
Gene module discovery
Genes in the Brain Network were compared with those in the TCGA Network to investigate commonality in GBM co-expression. 477 unique genes --6.6% of the unique genes in the TCGA Network and 8.9% of the unique genes in the Brain Network-were found in both networks. In addition, each network was parsed into LCMs. The TCGA Network had 356 modules total and the Brain Network had 456 modules total. Considering only the genes in these modules, 74 unique genes mapped between networks. The low amount of overlap may be a function of (A) sparse gene overlap between GCNs; and (B) differential Type I and Type II error in each GCN partially due to alternate expression measurement techniques; the TCGA Network used a GEM made with TCGA's RNAseqV2 workflow [15] and 73599 knownGene 5 UCSC transcript IDs, while the Brain Network used a GEM made with Hisat [18] , Cufflinks [21] , and 209086 Ensembl hg38 transcript IDs. Nonetheless, of these 74 overlapping genes, 22 (Table 1) were seen in Modules M0257 (in the Brain Network) and M0214 (in the TCGA Network). While the fate of other common interactions is unclear, these 22 intersecting GBM interactions emerged in both GCNs.
Next, we asked if there was corroborative coexpression evidence for the 22 interacting genes from other sources. Specifically, we searched the 22 matching genes as a group in the GeneFriends gene co-expression database [27] . Table 1 shows the gene set co-expression analysis where co-expression probability is represented by the GeneFriends binomial cumulative distribution function (p < 1.00E-7). Because 22 genes were provided to GeneFriends, each gene has a maximum of 22 friends, or co-expressed genes.
Interestingly, TCGA M0214 (p < 2.56E-17) and Brain M0257 (p < 1.37E-15) were both enriched for GBM but not LGG (p < 4.52E-03 in the TCGA Network) or normal brain (p < 1.00 in the Brain Network). TCGA M0214 is also enriched for ovarian cancer (OV; p < 2.56E-17). [42] and bevacizumab, an angiogenesis inhibitor used to treat GBM, has been found to alleviate mesenchymal-like, proliferative OV subtypes [43] . While TCGA M0282, described in Ficklin et al. [8] , is also enriched for GBM and OV in addition to THCA, no genes are shared between TCGA M0282 and M0257. Indeed, no genes are shared between TCGA M0282 and the Brain Network.
Internetwork gene module validation shows GBM-specific correlations
The correlations in Brain M0257, which is enriched for GBM, were compared to matching correlations found by KINC using only the normal brain datasets in the Brain GEM. 70 of the 154 edges (45.45%) in Brain M0257 were rediscovered in the normal brain datasets. Of these edges, none had a significant Spearman correlation greater than 0.8801, the Brain Network's RMT threshold (Figure 2 ). TCGA M0214 includes 54 unique transcripts and 416 edges correlated above its RMT threshold. 49 of these UCSC kg5 transcripts mapped to the hg38 Ensembl IDs used by the Brain and Random GEMs. As described in the Methods section, the expression values for these 49 transcripts in the Random GEM were processed with KINC [8] . KINC rediscovered 191 (45.91%) of the 416 TCGA edges using expression values from the Random GEM. Nine (4.71%) of the 191 rediscovered edges in the Random GEM had a Spearman correlation greater than 0.7901, the Random Network's RMT threshold. Seven (4.55%) of the 154 edges in Brain M0257 were also found in TCGA M0214; 100% of these edges have a Spearman correlation greater than the Brain Network's significance threshold (Figure 3 ). These data indicate that the pairwise correlation of these genes is GBM-specific. 
Gene expression analysis reveals GBM-specific upregulation
We investigated the gene expression levels of the 22 genes seen in TCGA M0214 and Brain M0257 in different conditions. Heatmaps and bar graphs were constructed to visualize the expression levels of the 22 matching genes between TCGA M0214 and Brain M0257 (Figures 4A-4B and 5A-5B). All 22 genes showed significantly upregulated expression (Student's T Test; p < 0.001) in GBM relative to LGG (in the TCGA Network) and relative to normal brain (in the Brain Network). Significance test results are available for the expression of the 22 shared genes in the TCGA GEM (Supplementary Table 6 ) and in the Brain GEM (Supplementary Table 7 ).
Putative transcriptional regulators of the GBM modules
Several gbmSygnal biclusters [37] involving genes from TCGA M0214 or Brain M0257 (Supplementary Table 8 ) implied regulation by the transcription factor ELF1. In addition, by loading the 22 matching genes into the Broad Institute Gene Set Enrichment Analysis [34] , we found that ELF1 was the second-most enriched transcription factor for this dataset (p < 9.91 × 10 -8 ) (Supplementary Table 9 ). Indeed, 5 of the 22 matching genes have putative ELF1 sites. Moreover, one ELF1 transcript, ENST00000239882, was upregulated in the Brain GEM GBM data relative to normal brain data (p < 3.79 × 10 -27 ) (Supplementary Table 10 ). Furthermore, Table 10 ). In addition, one of the 22 matching genes, SPI1, is a transcription factor that shares the ETS transcription factor family with ELF1. The 22 matching genes were also provided to the transcription factor function in the GeneFriends database [27] (Supplementary Table 11 ). Of 1538 possible transcription factors, SPI1 was the 5th-most enriched for the gene set (p < 1.01 × 10 -23 ) and 19 of the 22 genes were co-expressed with SPI1. In addition, the 22 matching genes were provided to the RegNetwork database [35] (Supplementary Table 12 ). SPI1 was the only one of the 22 matching genes to be considered a regulator by RegNetwork. Eight of the 21 other genes, three with high confidence, were considered regulated by SPI1. Indeed, of the 2221 genes potentially regulated by SPI1, three of the 22 genes ranked very highly-ITGB2 was ranked 3rd, WAS 5th, and TYROBP 27th.
Internetwork modular methylation analysis shows GBM-specific hypo-methylation
The beta methylation values for each of the 22 matching genes were evaluated using data from TCGA. A Student's T-Test was used to compare the beta methylation values for LGG with those in GBM (p < 6.84 × 10 -6 ). As shown in Figure 6 , on average, each of the 22 genes was hypo-methylated in GBM relative to LGG. Of interest, while TCGA M0214 is enriched for GBM and OV, the methylation patterns differ between GBM and OV. While these 22 genes are hypo-methylated in GBM versus LGG datasets, several of these 22 genes are hyper-methylated in OV versus LGG datasets (data not shown), suggesting an alternate regulatory mechanism in OV.
GBM subtype analysis supports the mesenchymal phenotype
The gbmSygnal Network [37] uses bicluster technology to group genes based on ChIPseq signals and gene co-expression. Each of the 22 matching genes was searched in the gbmSygnal database. 16 biclusters enriched for a cancer hallmark were found with three or more of the 22 matching genes. These 16 biclusters were all enriched for "tumor-promoting inflammation" and "evading immune detection" (Supplementary Table 8 ).
In addition, the gbmSygnal Network organizes expression data for each bicluster into quintiles and enriches each quintile for GBM subtype. Mesenchymal GBM was predominant in the highest expression quintile relative to the lowest expression quintile in each of the 16 biclusters. Furthermore, Verhaak et al. [44] described four subtypes of GBM [44] and genes upregulated in each of the four GBM subtypes. Four genes (SIGLEC9, MYO1F, LAPTM5, ITGB2) from the list of 22 matching genes were upregulated in mesenchymal GBM; none of the 22 genes were upregulated in any other subtype. Furthermore, we investigated the expression levels of nine NF1 transcripts in the Brain GEM. High NF1 expression is characteristic of mesenchymal GBM [44] . One of these transcripts, ENST00000358273, was upregulated in GBM relative to normal brain (Student's T-Test p-value = 6.56 × 10 -15 ; Supplementary Table 13 ). Finally, 17 of the 22 shared genes were found in the Glioblastoma Bio Discovery Portal [38] based on results from Verhaak et al. [44] . The average mRNA expression z-score was found across the proneural (n = 56 tumors), neural (n = 31 tumors), mesenchymal (n = 57 tumors), and classical (n = 53 tumors) GBM subtypes ( Figure 7 ). The mesenchymal subtype showed the highest expression for 15 of 17 genes. Furthermore, using the Glioblastoma Bio Discovery Portal, it was found that above-median expression levels for these 17 genes led to decreased survival in every GBM subtype and the full cohort (Table 3) .
cBioPortal analysis provides evidence for a GBM-specific module
If this 22-gene network is GBM-specific, as shown in Figures 4B and 5B, one would expect different cooccurrence and mutual exclusivity results for LGG and GBM data (Table 4) . Indeed, this 22-gene network appears highly dependent on ATRX and p53 in LGG but not in GBM. The mutual exclusivity of PIK3R1 mutations in GBM is of particular interest; PIK3R1 knockdown decreases invasion, proliferation, and migration in GBM [45] . IDH1 mutations were neither mutually exclusive nor co-occurring with alterations in the 22 shared genes. This is consistent with Figure 7 ; the proneural GBM subtype, which exhibits low expression for these 22 genes, is often defined by IDH1 or PDGFRA mutation.
Internetwork modular functional annotation analysis
We next sought to understand the function of TCGA M0214 and Brain M0257 in GBM. Comparing the functional annotations enriched (p < 0.001) in TCGA M0214 and Brain M0257 showed that 23 annotations were shared between modules (Table 5 ). C1QA and C1QC, components of complement protein C1 [46] , and C3AR1, a receptor for the complement protein C3a [47] , are among the 22 shared genes between TCGA M0214 and Brain M0257. C1Q has been shown [48] to promote GBM invasiveness and proliferation independent of complement system activation. Carro et al. also lists C1Q as a member of the transcriptional network which drives mesenchymal phenotypes in brain tumors [49] . Several complement system-related functional annotations (Table 5) are also shared between TCGA M0214 and Brain M0257. In addition, RNase6, one of the 22 matching genes, was searched with ImmuNet, a regulatory network database for immune system-related genes [36] . At a confidence level > 99%, eight of the other 21 genes shared a function with RNase6 in the complement system (Supplementary Table 14 ).
In conclusion, we used a GMM-based gene co-expression analysis to identify GBM-specific gene co-expression clusters embedded within and parsed from LGG and normal brain datasets. A 22-gene module was separately identified in two gene expression sources; this module has increased RNA expression and decreased DNA methylation in GBM. Furthermore, high expression of these genes is associated with decreased survival and with the mesenchymal GBM subtype. Future work involving these genes may help assess their roles in the complex GBM phenotype. We present this GBM-specific gene module and note that the cross-validating co-expression workflow used here is widely applicable.
MATERIALS AND METHODS
TCGA GEM construction
As described in Ficklin et al. [8] , the TCGA GEM was constructed using 2016 RNAseq tumor samples [7] . All available normalized isoform datasets, produced by TCGA's RNASeqV2 workflow [14, 15] , were downloaded for five cancers on April 1, 2016. The datasets include 173 GBM samples, 534 lower grade glioma (LGG) samples, 427 bladder cancer (BLCA) samples, 309 ovarian cancer (OV) samples, and 572 thyroid cancer (THCA) samples. These datasets were compiled into a single GEM, which is an n x m matrix where n is the number of datasets and m is the number of RNA transcript IDs; each value represents a gene's expression level as quantified by RSEM through the RNASeqV2 workflow [14, 15] . The TCGA data utilized 73599 knownGene version 5 (kg5) UCSC transcript IDs. As such, the raw GEM was a 73599 × 2016 matrix. Outlier expression profiles were detected using a Kolmogorov-Smirnov (KS) test (D N > 0.15) implemented in the preprocessCore [16] library. No outliers were detected. All non-zero expression values were log2 transformed and the matrix was quantile normalized.
Brain and random GEM construction
A brain-specific GEM was constructed using 220 RNAseq datasets from NCBI's SRA database [12] . These 220 samples were the only publiclyavailable samples annotated as brain-specific in the SRA database upon their download on September 16, 2016. These datasets were processed into a GEM using the SRA toolkit v2.5.2 [12] , Trimmomatic v0.33 [17] , Hisat2-2.0.1-beta [18] , Samtools v0.1.19 [19, 20] , and Cufflinks v2.2.1 [21] . The Gencode v24 GFF3 file, complete with scaffolds, assembly patches, and alternate loci guided transcript quantification (http://www. gencodegenes.org/releases/24.html). The raw GEM was preprocessed through the methods described above. 16 datasets were removed by the KS test (D N > 0.15), leaving 204 samples in the log2 normalized GEM. Transcript counts were indexed as 209086 Ensembl hg38 transcript IDs resulted in a 209086 × 204 GEM. Of these samples, 38 were GBM tumor samples [9] , 138 were normal brain samples [10] , and 28 were from Brodmann's Area 9 of Parkinson's Disease patients [11] . A random human GEM was also constructed using 2004 human RNAseq datasets from the NCBI SRA database. These samples were randomly selected from all available paired-end human RNAseq datasets that were produced by an Illumina HiSeq sequencer. This GEM was constructed and preprocessed as described above 
GCN construction and thresholding
Each normalized GEM was processed with KINC v1.0 [8] , a software package that uses Gaussian mixture models (GMMs) before applying pairwise correlation analyses. For each GEM, the OSG-KINC (https://github.com/feltus/ OSG-KINC) workflow was utilized to build a similarity matrix using the KINC software. This workflow utilizes the Pegasus Workflow Management System [22] to execute GMM clustering and pairwise spearman correlation on the Open Science Grid (https://www.opensciencegrid.org). By using GMMs prior to each pairwise comparison, KINC [8] samples clusters that result in co-expressed genes. Only clusters spanning 30 or more samples were further processed with Spearman correlations because a Pearson's power analysis found that 30 samples resulted in a false positive rate at α = 0.05, a false negative at β = 0.2, and an effect size of 0.5. The Brain and TCGA Networks each took about one month to construct with KINC. Globus [24] was used to transfer KINC output files to the Palmetto Cluster at Clemson University (https://www.palmetto.clemson.edu/palmetto/). Random Matrix Thresholding (RMT) [25] was used to find a correlation significance threshold for each similarity matrix produced by KINC. The thresholding process ignored clusters with low expression levels (< 0.1 FPKM) and/or less than 30 datasets. Correlations above this experimentally determined significance threshold were extracted for each GCN. The TCGA Network, as described in Ficklin et al. [8] , had a correlation threshold of 0.8601 and the Brain Network had a correlation threshold of 0.8801. Each edge in a GCN represents a relationship between two genes with a correlation value greater than the RMT-defined significance threshold. Link Community Modules (LCM), or groups of co-expressed genes, were identified using the linkcomm R package [13, 26] .
TCGA transcript ID mapping
Biomart (http://useast.ensembl.org/biomart) was used to map each hg38 Ensembl transcript ID in the Brain Network to its corresponding hg38 Associated Gene Name. Using the UCSC hg19 database, the kg5 UCSC transcript IDs in the TCGA Network were mapped to kg6 and kg7 UCSC IDs. Using the UCSC hg38 database, these kg7 UCSC IDs were mapped to kg8 UCSC IDs, kg9 UCSC IDs, and finally to hg38 Ensembl IDs. Biomart was then used to map each hg38 Ensembl ID to its corresponding Associate Gene Name. 90% of the original kg5 UCSC IDs mapped to hg38 Ensembl IDs. The 22 matching genes between TCGA M0214 and Brain M0257 were searched as a group in the GeneFriends database [27] . The transcription factor data and the internal co-expression data for the matching genes were downloaded.
GeneFriends co-expression validation
Module enrichment analysis
Each module was tested for sample label enrichment (Fisher's Exact Test P < 0.001; e.g. LGG, GBM, OV, THCA, BLCA, Normal Brain, and Parkinson's Brain. Only samples present in > 95% of the edges in a module were considered. Functional term enrichment was performed to associate each module with these functional annotations: Kyoto Encyclopedia of Genes and Genomes (KEGG) [28] , Gene Ontology (GO) [29] , Reactome [30] , InterPro [31] , Pfam [32] , and Mendelian Inheritance in Man (MIM) [33] . A Fisher's Exact Test p-value < 0.001 was considered significant.
Internetwork comparisons
For GBM comparisons with the Brain GEM, 63 transcripts in Brain M0257 were used to extract a 63 × 138 GEM with only normal brain datasets-no GBM datasets. This mini-GEM was processed with KINC [8] and edges matching those in Brain M0257 were identified. For cancer-specific comparisons with the random GEM, 54 transcripts in TCGA M0214 were identified in the Brain GEM and the Random GEM. 49 of the 54 kg5 UCSC transcripts in the TCGA GEM mapped to hg38 Ensembl transcripts in the Brain and Random GEMs. These 49 transcripts and their expression values were extracted into a 49 × 1793 mini-GEM that was converted into a GCN with KINC. Edges matching those in TCGA M0214 were identified. For the 22 matching genes between 
Module DNA methylation analysis
All publicly available beta methylation datasets for GBM and LGG were downloaded from the Genomic Data Commons' TCGA Data Portal (https://gdc-portal.nci.nih. gov/) on January 27, 2017. 1607 datasets, including 534
LGG and 450 GBM datasets, were downloaded. The beta methylation values for the 22 matching genes across each cancer were compared with a Student's T-Test. The 22 genes matching between TCGA M0214 and Brain M0257 were queried in the Gene Set Enrichment Analysis database [34] and the resulting transcription factor data was downloaded. These 22 genes were also provided to the RegNetwork database [35] to find possible regulatory mechanisms. In addition, RNase6, one of the 22 matching genes, was searched in the ImmuNet database [36] to find functional similarities to genes in the complement cascade. The genes with ImmuNet confidence levels > 0.99 were downloaded. The gbmSygnal Network [37] was also queried and 16 biclusters with three or more of the 22 matching genes were discovered. The 22 matching genes were also provided to the Glioblastoma Bio Discovery Portal [38] using the "Verhaak Core" participants option and the "3-Platform Aggregates" experiment option. Finally, cBioPortal [39, 40] was used to analyze the 22 matching genes in patient samples; the 22 matching genes were queried twice; first, as a gene set using LGG (n = 283 tumors) data, and second, using GBM (n = 136 tumors) data from the "TCGA, Provisional" dataset. cBioPortal uses a Student's T-Test for its reverse phase protein array comparison and a Fisher Exact Test for mutation enrichment. 
External evidence for internetwork module relationships
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